Abstract Management decisions regarding the potential fate and toxicity of anthropogenic metal elements requires a knowledge of metal partitioning and speciation as mediated by in situ control systems (ICS). This study focussed on Cd, Zn, Cu and Pb, common anthropogenic metal elements generated in the built environment and examined the influence of variable event-based hydrology and passive ICS by an engineered partial exfiltration reactor (PER) system on partitioning and speciation. The feasibility and efficiency of the PER as an in situ stormwater runoff control strategy to attenuate levels of metal elements was evaluated. Results indicate that higher rainfall intensity resulted in higher dissolved fraction (f d ) values for influent Zn, Cu and Cd, but did not have a significant influence on partitioning of Pb. Speciation indicated that divalent fractions of Cd, Zn, Cu and Pb were changed marginally by the PER. Cu and Pb mainly complexed with organic matter in the influent, while carbonate complexes of these metals in the effluent significantly increased. The PER consistently and statistically reduced all loadings of Cd, Cu, Pb and Zn for all examined events, whether on a mass or concentration basis. As an unsaturated flow unit operation/process the PER can efficiently remove ionic or complexed forms of metal elements. Such UOPs are a potential quality and quantity ICS strategy for rainfall-runoff.
Introduction
During wet weather events, rainfall-runoff washes pollutants from impervious urban surfaces and transports these pollutants into drainage systems or local receiving waters. In the hydrologic processes that covert rainfall to runoff at the urban surface interface, the hydrologic, thermal and chemical components in rainfall are modified. With respect to water chemistry, these alterations are significant and include enrichment by metal elements, organic and inorganic compounds and a wide gradation of particulates (Sansalone et al., 1998) . Toxicity caused by metals in runoff becomes the main concern, since metal concentrations found in urban rainfall-runoff exhibited levels as high as 10 to 100 times the concentration of metals in wastewater influent (Cordey, 1977; Wanielista et al., 1977) . However, total concentration data for a metal is not sufficient to evaluate the potential ecological and toxicological impacts as well as selection of unit operations and processes. Such impacts also require an understanding of partitioning, aqueous speciation and particulate-bound distribution of metals.
Metal elements in urban rainfall-runoff partition between particulate and dissolved fractions and this partitioning can favour the dissolved fraction for low rainfall pH levels, short times of concentration and low alkalinity (Sansalone and Buchberger, 1997) . During the passage of the urban hydrograph, or as a result of in situ unit operations or processes (UOPs), various species of metal may dominate with respect to other species in the influent or effluent. The predominance of these species infers pertinent mechanistic processes as a function of hydrology or of physical-chemical UOPs as part of a rainfallrunoff control strategy (Morrison et al., 1989) . Many strategies have been implemented to control constituents in urban rainfall-runoff, such as infiltration methods (Wu et al., 1998) , biofilters (Lau et al., 2000) , wet detention pond (Hvitved-Jacobsen et al., 1994) , vegetated filter strips, wetlands and swales (Yousef et al., 1987) . In many cases, such evaluations are conducted on an event basis and in many situations evaluated on a total metal concentration basis. However, in situ intra-event behaviour with respect to metal partitioning or speciation for influent and effluent are generally not examined.
The study examined the temporal partitioning characteristics and speciation of influent metals (Pb, Cd, Cu and Zn) as a function of hydrology at the upper end of a paved urban watershed, otherwise known as a source area watershed. Feasibility and effectiveness of the PER as an in situ rainfall-runoff control strategy to attenuate metal loadings, alter speciation and mitigate toxicity is evaluated based on the mediation of partitioning and speciation results. Results are examined as intra-event analyses.
Methods Sample collection and water quality analyses
The experimental site where this study was conducted is located at the upstream end of an urban source area catchment that is part of the much larger urbanised and industrial Mill Creek watershed in Hamilton County, Ohio where the City of Cincinnati is located. The catchment is transportation land use and is completely paved with asphalt. The catchment drains towards a wide, grassy v-section median at a transverse pavement cross slope of 0.020. The longitudinal slope of the catchment is essentially flat. The average daily traffic counts on this section of urban transportation right-of-way were 135,000 passenger vehicles and 15,000 commercial vehicles. The width across the sloped catchment was 20 m and the total catchment drainage area was 300 m 2 . A schematic of the PER system is illustrated in Figure 1 . Influent and effluent samples were collected from the in situ PER and were transported without delay to the laboratory for analyses. Sampling and analytical details are provided elsewhere (Sansalone and Buchberger, 1997; Sansalone et al., 1998) phase and dissolved phase metals were operationally-separated through use of a 0.45 mm membrane filters. The 50 mL of filtrate was immediately acidified with 2.5 mL of tracemetal HNO 3 . The particulate bound metal fraction that remained on the filter was subsequently digested with the filter using a microwave-assisted procedure based on SW-846 Method 3015 (USEPA, 1990) . Metal analyses were performed by utilising the Perkin-Elmer Optima 3000 inductively coupled plasma spectrometer (ICP). Analysed metal elements included Cu, Zn, Cd and Pb.
Metal partitioning
Whether an aqueous metal species partitions to particulate matter or engineered media, specific mass transfer mechanisms include sorption, ion exchange, precipitation and surface complexation with both organic and inorganic sites on the solid-phase of the media or particulate. These partitioning reactions are generally nonlinearly reversible between the solid-phase and soluble phase, although in practice such partitioning is assumed linear within a narrow concentration range. Practically, the dissolved phase of a metal element (c d ) is the fraction that is operationally determined by separation by a 0.45 mm membrane filter. The particulate-bound metal concentration (c p ) is defined as the product of the metal concentration on the solid phase on the filter. Metal partitioning characteristics can be expressed by dissolved fraction ( f d ) and the equilibrium partitioning coefficient (K d ). The expressions are described below.
In this expression, D is the dissolved mass of metal and P is the particulate-bound metal mass. The metal mass is mainly in dissolved form if f d . 0.5.
In this expression, c s is in terms of mass/mass of solids and c d is the concentration of the adsorbing material in the aqueous system. K d is usually expressed as litres per kilogram (L/kg). The larger the K d value, the greater the metal partitioning to the solid phase. Metals in urban rainfall-runoff have K d values that range from 10 2 to over 10 6 (Sansalone and Buchberger, 1997) .
Metal speciation modelling
While partitioning data are required, metal element analysis is expensive and in many cases this accounts for why there is not much intra-event metal data or intra-event partitioning data. The expenses are even greater when direct analytical measurements are made of speciation. It is also challenging to directly measure free metal ions and other metal species and most common analytical equipment measure total concentrations of dissolved or particulate metals depending on sample preparation (Oste et al., 2002) . However, if the dissolved fraction is available speciation models have been used extensively to calculate metal speciation in solution based on the total dissolved metal concentration and relevant water quality parameters (temperature, pH, ionic strength and alkalinity). In this study, MINTEQ algorithms were used to calculate the metal speciation in the PER influent and the effluent. The set of MINTEQ algorithms is one of widely used thermodynamic equilibrium models, which includes various geo-chemical reactions, such as acid-base reactions, precipitation/dissolution, oxidation/reduction and seven sorption models, ranging from simple linear distribution coefficient for sorption to more complex electrostatic models based on diffuse double-layer and triple-layer theory. Rainfall-runoff samples and effluent samples were taken, fractionated and stabilised rapidly, and metal concentration and water quality were measured at discrete points in time. The algorithms are applied under the assumption that the aqueous system is in equilibrium at these discrete points.
Results and discussion
Three random storm runoff events were examined in this study. The 12th June 1997 event was a high intensity short-duration event, the 25th November 1996 event was an intermediate event and the 16th December 1996 event was a low intensity event. Water quality data for three events are summarised in Table 1 . Water quality parameters (pH, redox, alkalinity, hardness, conductivity and temperature) were influenced by rainfall event hydrograph and mediated by the partial exfiltration reactor. In the high intensity event (12th June 1997), due to the diluted effect resulting from the high runoff volume during the peak flow rate the pH, alkalinity, hardness and conductivity significantly decreased as flow rates increasing and approached their lowest values when the flow rate approached peak flow. In contrast to the high intensity storm event, no water quality had such significant variation in the other two events with relative low intensity. With respect to effluent, peak flows and runoff volume were reduced by the PER. Water quality characteristics were altered as well: overall pH, alkalinity and conductivity increased.
The partitioning of metal element was influenced primarily by the pavement residence time, rainfall pH, the nature and quantity of solids present, and the solubility of the metal element (Sansalone and Buchberger, 1997) . Temporal partitioning coefficient and the dissolved fraction ( f d ) trends in PER influent and effluent for 12th June 1997 event are plotted in Figure 2 . Figure 2 indicates that event dissolved fractions ( f d ), as equilibrium values of Cd, Zn and Cu, did not significantly vary and generally did not follow the hydrograph profiles. The f d of Pb showed variability in the PER influent with elapsed time, and also did not follow trends of the hydrograph. In the effluent, f d of Cd, Zn and Cu showed some change from the influent, while f d of Pb varied in magnitude and showed less variability compared to f d in the influent. Whether in the influent or in the effluent, the f d of Cd, Zn, Cu and Pb is greater than 0.5, which indicated that the dissolved fractions of these four metal elements were predominant in the influent, as well as in the effluent discharged from the PER. In contrast to the dissolved fraction ( f d ), the partitioning coefficient (K d ) was influenced by the hydrograph. K d of each metal were driven down by increasing flow rates, and gradually increased as the flow rate decreased after peak flow. The variation in these trends resembled the trends of pH and conductivity variation with the hydrograph profiles. The partitioning coefficient was likely influenced by solid mass concentration and gradation, water quality parameters (pH, conductivity) in aqueous solution and the variable hydrology. Similar results are drawn from the 16th December 1996 event and the 25th November 1996 event. All metal elements existed as mainly dissolved fractions in the influent and effluent during the duration of these two events, in particular, influent f d showed less variation through the event. The partitioning coefficient did not demonstrate a well-defined inverse relationship with the hydrograph due to low intensity rainfall and runoff of these two events. The MINTEQ model was utilised to examine metal species based on water quality data, major cations and major anion concentrations. Major metal species in the influent and effluent were plotted along with profiles of hydrographs to investigate the influence of hydrology on metal speciation. For illustration, the 12th June 1997 event is presented in Figure 3 .
Speciation results demonstrated that the dominant species of Cd across the event hydrograph was Cd 2þ , and this species is the dominant species in the effluent as well. In addition, concentration of Cd 2þ remained relatively constant throughout the event. Carbonate species (CdCO 3 ) was only a small portion (0.87%) in the influent, while it increased significantly and became the second highest among the four major species in the effluent. Unlike other Cd species, CdCO 3 demonstrated an inverse relationship with influent peak flow and was relatively constant in the effluent. The second most dominant influent species, CdDOM, decreased significantly in the effluent. While the behaviour of Zn species was similar to Cd, Cu speciation was distinctly different. Behaving differently from Cd and Zn, Cu 2 þ was not the dominant species in the influent or effluent. In the influent, CuDOM was the dominant species, followed by CuCO 3 , which was the dominant effluent species. All species, except carbonate species in the influent, remained relatively constant during the entire duration of rainfall event. Each species of Pb had more variability than other metals but appeared to follow the influent hydrologic profile to a degree and also to a degree in the effluent. The lowest influent concentrations occurred around the diluting peak flows. The PbDOM represented 76.2% of all Pb species and dominated in the influent throughout the event. The dominant species in the effluent was PbCO 3 (the carbonate provided by the CPP layer), with the carbonate likely exchanging with DOM. The percentage of Pb 2 þ remained relatively constant for influent and effluent.
The event mean reduction in concentration for the three rainfall-runoff events for Cd 2þ , Zn 2þ , Cu 2þ and Pb 2þ was 49.2, 95.5, 90.7 and 50.7% respectively, and for the corresponding metals associated with organic matter the mean reduction was 82.2, 98.5, 97.3 and 84.9%. However, for their carbonate species there was a mean increase for all metals except Zn. This indicates that more metal was converted into carbonate species in the effluent was due to additional bicarbonate and carbonate alkalinity provided by the CPP.
Conclusions
The study examined the influence of hydrology and in situ adsorptive-infiltration on rainfall-runoff metal partitioning and speciation of Cd, Cu, Pb, and Zn from a source area urban catchment, and in the effluent discharged from an in situ partial exfiltration reactor (PER) in Cincinnati, Ohio USA. There are a number of conclusions drawn from the results: Figure 3 Temporal metal speciation trends in PER influent and effluent for 12th June 1997 rainfall-runoff event on a 300 m 2 asphalt-paved catchment in Cincinnati † Water quality results demonstrate that pH, alkalinity and conductivity of rainfall-runoff were increased through the adsorptive-infiltration PER system. These increases resulted in metal partitioning and speciation mediation as well the potential for toxicity reduction. † Partitioning results indicate that metal elements were predominately dissolved in the rainfall-runoff influent. The in situ PER that combines CPP and OCS can provide significant removal capability for dissolved and particulate-bound Zn, Cu, Cd and Pb. † High intensity runoff events resulted in higher f d values for Zn, Cu and Cd, however, f d of Pb was not significantly influenced by runoff intensity. † The speciation results from MINTEQ results indicate that ionic forms of Cd and Zn comprised a significant portion of the total dissolved metal in the influent and the effluent from the PER. And the ionic forms remained dominant throughout these events. However, Cu and Pb were mainly associated with organic matter in the influent. The different behaviour may be explained from the chemical and thermodynamic point of view. † Carbonate species of each metal was insignificant in the influent, but were predominant species for Cu and Pb, and to a lesser degree for Cd and Zn in the effluent. † Concentration of Cd, Zn and Cu species with the exception of their carbonate species, remained relatively constant despite variations of influent hydrology. In contrast to Cd, Zn and Cu, overall speciation of Pb was influenced to a greater degree by hydrology. CdDOM, ZnDOM, CuDOM and PbDOM). Consequently, a PER can serve as an effective unit operation and process for in situ control of metals and reduction in toxicity.
